ABSTRACT: Pre-clinical data demonstrate a pivotal role for interleukin (IL)-13 in the development and maintenance of asthma. This study assessed the effects of tralokinumab, an investigational human IL-13-neutralising immunoglobulin G4 monoclonal antibody, in adults with moderate-tosevere uncontrolled asthma despite controller therapies.
C urrent therapy is inadequate in many patients with moderate-to-severe asthma, with a substantial proportion remaining uncontrolled, resulting in an increased risk of exacerbation, increased morbidity and mortality, reduced quality of life, increased direct and indirect healthcare costs and lost productivity [1] [2] [3] [4] .
Interleukin (IL)-13 is a pleiotropic cytokine believed to be an important mediator in the development and maintenance of the human asthmatic phenotype through its role in key underlying mechanisms including inflammation [5, 6] , airway hyperresponsiveness (AHR) [5, 6] , fibrosis [7] and increased mucus production [5, 6] . Elevated IL-13 levels have been identified in the sputum [8] of a proportion of subjects with asthma including those with severe disease treated with systemic corticosteroids.
Tralokinumab (CAT-354) is a human immunoglobulin (Ig)G4 monoclonal antibody which potently and specifically neutralises IL-13 [9] and has been shown to inhibit a range of IL-13-mediated effects in pre-clinical studies [10] . Tralokinumab is in clinical development for the treatment of asthma; phase I studies [11] have demonstrated linear pharmacokinetics and an acceptable safety profile over the dose range tested.
The primary objective of this proof-of-concept study was to evaluate the effect of subcutaneous tralokinumab on asthma control in adults with moderate-to-severe uncontrolled asthma despite standard controller therapy.
METHODS

Study design
This was a phase IIa, randomised, double-blind, placebo-controlled, parallel-group, multicentre study (Clinicaltrials.gov identifier: NCT00873860). The study comprised a 2-week run-in, 12-week dosing and a 12-week follow-up period. Selection of dose regimen and treatment duration was based on pharmacokinetic modelling and simulations.
Randomisation and masking
Subjects were stratified prior to randomisation to ensure o50% of randomised subjects were atopic. The presence or absence of specific IgE to a panel of inhaled allergens determined atopic status (Phadiatop test; Laboratoire Pasteur Cerba, Paris, France). Subjects were then randomised according to a computergenerated randomisation list into one of three cohorts; within each cohort, subjects were further randomised to receive tralokinumab or placebo in a 3:1 ratio. Subjects receiving tralokinumab were administered doses of 150, 300 or 600 mg. Treatment was administered every 2 weeks by s.c. injection. Subjects continued their pre-study asthma controller therapy during the study.
Subjects
Subjects aged 18-65 yrs with body mass index 18-40 kg?m -2 and physician-diagnosed, moderate-to-severe uncontrolled asthma were eligible and were required to have all of the following: reversible airflow obstruction (post-bronchodilator forced expiratory volume in 1 s (FEV1) reversibility o12% and o200 mL either documented within the previous year or at screening), pre-bronchodilator FEV1 o40% predicted value, Asthma Control Questionnaire score (ACQ-6; ACQ mean of six individual item scores) o1.5 at screening and randomisation, and one or more asthma exacerbations that required medical intervention in the past year.
Key exclusion criteria were additional respiratory pathology, cigarette smoking o10 pack-yrs, recent infection or treatment with immunosuppressive medication (.10 mg oral prednisone or equivalent per day) or any other biologic agent.
This study was conducted in accordance with the principles of the Declaration of Helsinki and the International Conference on Harmonisation Guidance for Good Clinical Practice. Independent ethics committee approval was obtained, and all subjects provided written informed consent.
Primary end-point
The ACQ-6 [12] is a composite measure of asthma symptoms (night-time waking, symptoms on waking, activity limitation, shortness of breath, wheezing) and short-acting b 2 -agonist use which is completed weekly using an electronic diary. The primary end-point of the study was the change from baseline to week 13 in mean ACQ-6 score [12] . Reductions in mean ACQ-6 score of o0.5 are considered clinically meaningful [13] .
Secondary end-points Secondary end-points included the evaluation of the effect of tralokinumab compared to placebo on time to asthma control, change from baseline in FEV1 and peak expiratory flow (PEF) (at study visit and at home), time to first asthma exacerbation, asthma exacerbation rate, requirement for concomitant asthma rescue medications, daily asthma symptoms scores and Asthma Quality of Life Questionnaire with standardised activities (AQLQ(S)). Spirometry (pre-bronchodilator FEV1, forced vital capacity (FVC) and PEF) was performed at 06:00-11:30 h at every study visit and within 1 h of the time that screening visit spirometry had been undertaken; pre-bronchodilator FEV1, FVC and PEF were measured. Post-bronchodilator measurements were not recorded during the treatment phase. Subjects performed peak flow testing every morning at home. Asthma exacerbations were reported at each study visit and were defined as either a progressive increase of asthma symptoms (cough, wheeze, chest tightness and/or shortness of breath) or a reduction of .20% in PEF or FEV1 from baseline that did not resolve after the initiation of rescue medications and resulted in an administration of systemic corticosteroids by the investigator or healthcare provider. Patient-reported outcomes (PROs) included a four-item daily asthma symptom score and AQLQ(S).
Adverse events (AEs) were recorded at every study visit; routine blood tests were collected periodically for safety evaluation.
Sputum was induced and collected at baseline and weeks 8 and 14 at nine of the participating study centres. Sputum IL-13 content was assessed using an ELISA system, and differential cell counts were recorded by a central reader (Institute for Lung Health, Leicester, UK).
Pharmacokinetics and immunogenicity
For pharmacokinetic assessment blood samples were collected prior to each dose and during the follow-up period. Trough serum concentrations of tralokinumab were determined using a Gyrolab immunoassay (Gyros AB, Uppsala, Sweden) that detects free tralokinumab. Blood samples were collected before the first dose and at weeks 13 and 24 for measurement of serum anti-drug antibodies.
Statistical methods
Sample size calculations based on the primary end-point were conducted using statistical software nQuery Advisor1 6.01 (Statistical Solutions, Cork, Ireland). Change from baseline in mean ACQ-6 score at week 13 was assumed to be -0.5 and -1.0 for the placebo and combined tralokinumab (150, 300 and 600 mg) groups, respectively, with a common SD of 0.9. A sample size of 144 was required to detect a statistically significant difference between combined tralokinumab groups and placebo at a 0.05 significance level with 80% power. To allow for dropouts, randomisation of 192 subjects was planned.
The efficacy analyses reported are from the evaluable population, defined as all subjects who received o4 doses of study medication and those who received o1 dose but discontinued prior to receiving 4 doses for safety reasons. Confirmatory efficacy analysis was undertaken on the intention-to-treat population, defined as all randomised subjects.
The primary end-point was the comparison of the change from baseline to week 13 in mean ACQ-6 score between the combined tralokinumab group (i.e. 150, 300 and 600 mg) and placebo using ANOVA. The primary efficacy analysis was undertaken at an interim analysis after all subjects completed week 13 although both study team and sites remained blinded to week 24. Two-sample unpaired t-tests were used to compare between treatment group changes from baseline in spirometry parameters. Exploratory efficacy analyses to compare each tralokinumab dose with placebo were undertaken and no multiple comparison adjustment was performed.
A number of post hoc analyses were conducted, including analysis of the change from baseline to week 13 in FEV1 in subgroups defined by atopic status, dose of corticosteroid and baseline peripheral eosinophil count, and also the change from baseline to week 13 in FEV1 in subgroups defined by atopic status. A descriptive post hoc analysis of the change from baseline in ACQ-6 and FEV1 was undertaken in a subgroup of subjects with sputum samples obtained at baseline. Subjects were analysed according to the presence or absence of detectable sputum IL-13; no formal statistical testing was undertaken due to the relatively small subject numbers.
Safety analysis was conducted using the safety population, defined as all subjects who received o1 dose of study medication.
RESULTS
194 subjects were randomised at 27 sites in Europe ( fig. 1 ). All seven doses of study medication were received by 96% placebo and 94% tralokinumab subjects.
Subject characteristics
Across the study population, 60% were female, 92% were white, and age ranged from 18 to 65 yrs (mean 47.3 yrs). At baseline, the study population had moderate-to-severe asthma that was not fully controlled (FEV1 2.00 L (61% pred); ACQ-6 score 2.66). 52% were atopic as defined above. A range of inhaled corticosteroid (ICS) preparations were taken at baseline; the median daily ICS dose, expressed as beclometasone diproprionate equivalent, was 1,000 mg?day -1 . 87% reported use of a longacting b 2 -agonist and 20% a leukotriene antagonist. Baseline demographic and asthma characteristics were generally well balanced across the treatment groups (table 1) .
Efficacy
Primary end-point: change in ACQ-6 score from baseline to week 13 Mean ACQ-6 score improved from baseline to week 13 in all treatment groups (table 2 and fig. 2a ), with 58.3% tralokinumab and 52.2% placebo subjects showing a clinically meaningful improvement of o0.5. The mean¡SD reduction in the combined tralokinumab group (-0.76¡1.04) at week 13 was not different from placebo (-0.61¡0.90, p50.375). The difference (95% CI) between treatment groups in change from baseline was -0.15 (-0.49-0.19). Reductions in ACQ-6 score continued through week 24 in both groups. The change from baseline in ACQ-6 score at week 13 was examined by tertiles of ACQ score at baseline, atopic status, peripheral blood eosinophil count and dose of asthma controller medication, but no definite relationship to response was identified. Changes in ACQ-6 score in subjects providing a sputum sample at baseline, stratified by the presence or absence of IL-13, are presented in figure 3a . The week 13 mean¡SD reduction in the sputum IL-13-positive (o10 pg?mL ) tralokinumab group (-0.62¡0.85, n528).
Secondary end-points
Pulmonary function A larger mean¡SD increase in pre-bronchodilator FEV1 from baseline to week 13 was observed in the combined tralokinumab group (0.21¡0.38 L) compared to placebo (0.06¡0.48 L; p50.072); the difference (95% CI) in change from baseline was -0.15 L (-0.01-0.31). A clear dose-response was evident at the same time-point with mean¡SD increases from baseline in FEV1 of 0.16¡0.35 L (p50.299), 0.21¡0.37 L (p50.102) and 0.26¡0.41 L (p50.041) in the 150, 300, and 600 mg tralokinumab treatment groups, respectively (table 2). The effect on FEV1 was evident 2 weeks after the first dose and persisted until week 24, 12 weeks after the final dose ( fig. 2b) . Post hoc subgroup analyses showed that similar mean¡SD increases in FEV1 were observed at week 13 in subjects receiving tralokinumab with atopic (0.22¡0.39 L; n573) and non-atopic asthma (0.20¡0.37 L; n564) and in those receiving high-dose ICS or oral corticosteroids (0.19¡0.44 L; n546). In subjects with peripheral blood eosinophil count o300 cells?mm -3 at baseline, the increases in FEV1 were 0.26¡0.41 L (n570) and in those below this threshold were 0.15¡0.34 L (n567). Changes in FEV1 in subjects providing a sputum sample at baseline, stratified by the presence or absence of IL-13, are presented in figure 3b. The week 13 mean¡SD improvement in the sputum IL-13-positive (o10 pg?mL and PEF measured by spirometry at study visits also improved in the combined tralokinumab group compared with placebo, although the changes were not statistically significant (table 2) .
Tralokinumab had no statistically significant or clinically relevant effect on home measurements of FEV1 and PEF. The mean¡SD per cent change in home-measured FEV1 and PEF over the 7 days prior to week 13 was 4.8¡21.8% and 1.1¡19.5%, respectively, in the combined tralokinumab group and 0.8¡19.5% and -1.3¡17.6%, respectively, for placebo. 
Use of rescue medication
Asthma exacerbations
Few subjects experienced asthma exacerbations, and there was no difference between treatment groups. At week 13, protocoldefined asthma exacerbations were reported by four (2.9%) tralokinumab and two (4.5%) placebo subjects.
Patient-reported outcomes
No differential effect of tralokinumab compared to placebo was apparent on any of the PROs.
Safety and tolerability
Serious AEs were reported by three subjects receiving tralokinumab and three receiving placebo (one death occurred in the placebo group). The serious AEs were: sinusitis (tralokinumab 150 mg); contusion and brain injury following a traffic accident (tralokinumab 150 mg); gastro-oesophageal reflux disease, post-cholecystectomy syndrome, somatoform disorder (tralokinumab 600 mg); asthma exacerbation (placebo); asthma exacerbation, overdose of salbutamol, fatal cardiorespiratory arrest (placebo); and cerebral haemorrhage (placebo). None of the serious AEs in subjects who received tralokinumab were considered to be related to study medication.
The incidence of treatment-emergent AEs was higher in the tralokinumab groups than in the placebo group (table 3) . The most frequently reported AEs in subjects who received tralokinumab were asthma, headache and nasopharyngitis. More subjects receiving tralokinumab reported an AE of asthma compared with placebo; these were all categorised by investigators as mild or moderate in intensity, whereas two events in the placebo group were severe. Of the AEs of asthma in subjects receiving tralokinumab, two were judged to have a possible relationship to the study drug and approximately one-third occurred during the off-treatment follow-up period.
Diarrhoea and urinary-related AEs (urinary tract infection, bacteriuria, crystalluria) were reported only in subjects who received tralokinumab (table 3) ; seven subjects with urinary-related AEs received antibiotic treatment. Diarrhoea was limited to subjects in the highest dose arm of tralokinumab.
Injection site reactions (ISRs), comprising of at least one of pain, erythema, rash, pruritus, inflammation and induration occurred infrequently (tralokinumab 150 mg 6.4%; 300 mg 7.8%; 600 mg 6.3%; placebo 2.1%). Most ISRs were mild and transient; one tralokinumab subject withdrew as a result of an ISR.
There were no clinically important changes in serum chemistry among tralokinumab-treated subjects, whilst the only change noted in haematology parameters was an increase from baseline in mean¡SD peripheral blood eosinophil count in the combined tralokinumab group 0.19¡0.56 cells610
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?L -1 compared to the placebo group 0.03¡0.14 cells610 9 ?L -1 at week 13. Limited numbers of subjects had sputum cytology available. In the 24 subjects receiving tralokinumab, the geometric mean¡geo-metric SD eosinophils was 2.9¡6.55% at baseline and 6.2¡4.55% at week 13 versus 3.5¡5.7% at baseline and 2.6¡5.7% at week 13 in the seven patients receiving placebo.
Pharmacokinetics and immunogenicity
The increase in tralokinumab exposure was approximately proportional to dose over the range and within each dose group serum concentrations increased approximately two-fold between weeks 2 and 10 consistent with moderate accumulation. Comparable serum concentrations were observed at weeks 10 and 12, indicating that steady-state had been attained by week 10. At all three doses evaluated plasma concentrations of tralokinumab were .10-fold lower at week 24 compared to week 12. No serum anti-drug antibodies were detected during the course of the study.
DISCUSSION
A growing body of evidence implicates IL-13 as a key mediator in the development and maintenance of asthma. Tralokinumab is a human IgG4 monoclonal antibody which potently and specifically neutralises IL-13 [9] . This clinical study investigated the addition of tralokinumab to currently available asthma controller therapy in subjects with uncontrolled moderate-tosevere asthma. No impact was observed on ACQ-6 scores compared to placebo (primary end-point) but the increases in FEV1 and reduction in the use of short-acting b 2 -agonists in tralokinumab-treated subjects are indicative of a treatment effect. The percentage increase in FEV1 from baseline ranged between 8.1% (150 mg) and 16.1% (600 mg), which approximates the minimal important difference of 10% [14] and suggests that tralokinumab has the potential to deliver a clinically important response.
There was a marked placebo response in ACQ-6 starting during the 2-week screening period and continuing after randomisation. The placebo response has been well described in asthma studies and various explanations have been proposed, including suggestibility, natural disease variability, improved compliance with concomitant treatment and regression to the mean [15, 16] .
It is possible that the principal treatment-related effect observed in our study, the improvement in pulmonary function, may reflect the role of IL-13 in the pathogenesis of asthma. A recently introduced concept is that asthma is heterogeneous, with different disease mechanisms driving particular asthma phenotypes Tralokinumab (sputum IL-13 10 pg . mL -1 ) ◆ ▲ ◆ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ tralokinumab-treated group without measurable IL-13 (sputum IL-13 ,10 pg?mL -1 ; n528) and those with measurable IL-13 (sputum IL-13 o10 pg?mL -1 ; n511).
[17]. In pre-clinical models of asthma, IL-13 drives the variable airflow obstruction mechanism of AHR [5] [6] [7] 9] , probably through direct effects on smooth muscle [17] [18] [19] , but has only modest impact on eosinophilic inflammation [5, 9] . It is therefore plausible that in human asthma IL-13 neutralisation may predominantly impact variable airflow limitation mechanisms, resulting in the observed effects of tralokinumab on FEV1 and the absence of a reduction in sputum eosinophil counts, although the interpretation of this result must be treated with caution due to the small numbers of subjects with sputum cytology available. It is interesting to note that in our study the effect on FEV1 was observed in subjects with and without objective evidence of atopy; this is consistent with the previous finding that IL-13 mRNA is elevated in the bronchial mucosa of both atopic and non-atopic subjects with asthma [20] .
Reports of other antibodies directed against IL-13 put the tralokinumab data into context. The addition of lebrikizumab, an anti-IL-13 IgG4 humanised monoclonal antibody, to existing controller therapies in a similar population has also been reported to be associated with improvements versus placebo in pre-bronchodilator FEV1, a trend towards a lower rate of protocol-defined exacerbations, but no impact on asthma symptoms as measured by ACQ-5 [21] . The IL-13-neutralising antibody IMA-638 inhibited the early and late airway responses to allergen challenge in mild atopic asthma patients [22] . These data, together with the results of our study, support the view that IL-13 may be an important mediator in asthma and that blockade of this cytokine may have the potential to provide a new therapeutic approach to the treatment of asthma. The apparent discordance between the treatment related improvement in pre-bronchodilator FEV1 and the absence of effect on ACQ score following IL-13 blockade by tralokinumab (ACQ-6) and lebrikizumab (ACQ-5) is of interest, and could be ascribed to either limitations in the sensitivity of the score, the large placebo effect observed, short trial duration, a selective mechanistic effect or indeed a combination of these factors. However, it is increasingly understood that asthma is a heterogeneous disease and therefore identification of potential subgroups or individual subject characteristics is likely to be key in delivering optimal response, with biotherapeutics that target specific mechanisms [15, 16, 21] . It is reasonable to postulate that subjects who have upregulated airway IL-13, as defined by a high T-helper cell type 2 signature [23] , may be more likely to respond to IL-13-neutralising therapy. Elevated serum periostin levels have been identified as a potential surrogate measure of IL-13 activity and subgroup analyses of subjects with abovemedian baseline periostin levels who show larger increases in FEV1 than those with below-median baseline serum periostin following exposure to lebrikizumab [21] require replication. We explored this concept by examining 56 subjects with a baseline sputum sample. When subjects were stratified into sputum IL-13-positive or -negative there was an apparent association between presence of IL-13 and response to tralokinumab ( fig. 3) . Taken together, these data suggest that if, in the future, subjects with upregulated lung IL-13 could be identified prospectively, then the clinical response to tralokinumab might be more clearly observed.
It is recognised that this proof-of-concept study has a number of limitations. First, the sample size was theoretically adequate to detect a difference in the change from baseline in mean ACQ-6 score of 0.5 between combined tralokinumab groups and placebo; however, it did not account for potential heterogeneity with regard to the presence or absence of elevated levels of IL-13 in the lung within the study population, and it seems likely that the overall treatment effect observed was lowered by the presence of subjects who lacked the potential to respond to tralokinumab. In addition, the study was not fully powered to either compare the specific effects of individual tralokinumab : one subject did not receive study medication; " : increase in asthma symptoms or asthma exacerbations.
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doses over placebo or to determine the impact of tralokinumab on the frequency of asthma exacerbations. Other limitations include the short treatment duration, which is unlikely to have allowed the complete efficacy profile of tralokinumab to be established. For example, any treatment effect resulting from blockade of the putative pro-fibrotic effect of IL-13 is unlikely to be observed after 12 weeks dosing. Also, post-bronchodilator spirometry was not undertaken, and it is therefore not possible to confirm whether the treatment-related effect of tralokinumab on FEV1 is maintained in the presence of a b 2 -agonist, though it should be noted that following treatment with lebrikizumab, a statistically significant effect on post-bronchodilator FEV1 was observed compared to placebo [21] . These issues will be specifically addressed in the future study of tralokinumab.
Tralokinumab demonstrated an acceptable safety profile with 94% of subjects receiving all scheduled doses. No serious AEs were considered to be associated with tralokinumab. The most frequent AEs reported were asthma, headache and nasopharyngitis. Some AEs, such as bacteriuria, urinary tract infections, crystalluria and diarrhoea were only observed among subjects treated with tralokinumab, although these did not result in either early withdrawal or sequelae; further studies will be necessary to determine whether these events are related to blockade of IL-13. Increased peripheral eosinophil count in the tralokinumab treatment group is consistent with that previously reported following exposure to lebrikizumab [21] .
In summary, the addition of s.c. tralokinumab to existing asthma controller medication showed no significant improvement in ACQ-6 score. However, the observed effect of tralokinumab on FEV1 and other secondary end-points suggest that neutralisation of IL-13 may result in a therapeutic benefit in subjects with uncontrolled moderate-to-severe asthma. We conclude that this study provides evidence supporting the importance of IL-13 in asthma. Larger, longer studies are required to determine the potential role of tralokinumab in uncontrolled asthma and to identify those individuals most likely to demonstrate a clinical response.
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